Actin polymerization provides force and organization to drive and shape many cellular processes. Protrusion of membranes in animal cells, for example, is proposed to be driven by the addition of actin subunits to free barbed ends of actin filaments. The barbed end is kinetically and thermodynamically favored over the pointed end for poly merization. Thus, the innate ability of actin polymerization to create force requires that, in general, actinfilament barbed ends should be capped to prevent unwanted polymerization, which would lead to the exhaustion of the actin monomer pool. Under these cappedfilament conditions, polymerization can be initiated through three mecha nisms: de novo nucleation, filament severing or filament uncapping. Nucleation and severing have been studied in depth, but the molecular details of uncapping mechanisms remain largely unexplored.
a r t i c l e s
Actin polymerization provides force and organization to drive and shape many cellular processes. Protrusion of membranes in animal cells, for example, is proposed to be driven by the addition of actin subunits to free barbed ends of actin filaments. The barbed end is kinetically and thermodynamically favored over the pointed end for poly merization. Thus, the innate ability of actin polymerization to create force requires that, in general, actinfilament barbed ends should be capped to prevent unwanted polymerization, which would lead to the exhaustion of the actin monomer pool. Under these cappedfilament conditions, polymerization can be initiated through three mecha nisms: de novo nucleation, filament severing or filament uncapping. Nucleation and severing have been studied in depth, but the molecular details of uncapping mechanisms remain largely unexplored.
The universal actincapping protein in eukaryotic cells is capping protein (CP), a heterodimer of structurally related α and βsubunits. CP is found in a range of cellular actincontaining structures and has an affinity of 0.1-1 nM for filaments 1, 2 . CP is present in relatively stable structures such as the sarcomere of striated muscle, where CP defines and anchors the barbed end of thin filaments at the Zdisc, leading to the alias CapZ. Similarly, CP appears to bind to the end of the actinrelated protein 1 (Arp1) minifilament in the mammalian dynactin complex (reviewed in ref. 3) . CP is also involved in highly dynamic actin structures. Lamellipodia of moving cells contain a mix ture of uncapped and CPcapped actin filaments close to the leading edge 4 . The uncapping of these filaments and their subsequent elonga tion may provide force during lamellipodia protrusion.
The structural basis of actinfilament capping by CP has been estab lished at low resolution. First, the Xray structure of CP revealed a mushroomshaped molecule comprising two symmetrically and structurally related subunits 5 . The stalk of the mushroom is formed from the αhelical N termini from both subunits. The cap of the mush room consists of a common intersubunit βsheet, across which the Cterminal regions form antiparallel helices terminating in unrelated structures termed 'tentacles' . Both α and βtentacles are well ordered in the structure; however, the βtentacle is bound to a neighboring sym metryrelated molecule and is likely to be mobile in solution. Second, the CP crystal structure was oriented into 23Å resolution cryo-electron microscopy data obtained from capped filaments 6 . This resulted in a capping model in which the αtentacle and βsubunit of the mushroom cap provide the majority of the interaction surface with the base of the filament, physically impeding the addition of actin monomers. The βtentacle is speculated to reorient to provide a second actin contact 6 .
Protein and lipid inhibitors of CP actinfilament capping are manifest. The protein CP ARp2/3 myosin I linker (CARMIL) is a multifunctional actin regulator consisting of an Nterminal domain that includes leucinerich repeats and a 51residue region near the C terminus, which comprises a CPbinding and uncapping motif that includes the CARMIL homology domain 3 (CAH3, residues 965-1038) [7] [8] [9] [10] . CARMIL has also been proposed to contain a WH2 domain, an acidic domain and a polyproline region. CARMILlike CP binding motifs exist in a range of proteins that have diverse modular architectures (Fig. 1a) . CK2interacting protein 1 (CKIP1) consists of an Nterminal pleckstrin homology domain followed by the CP binding motif. CKIP1 is able to inhibit CP from interacting with an actin filament 11, 12 . A 22residue peptide corresponding to a fragment of the CARMIL CAH3 (residues 984-1005) competes with CKIP1 in binding CP and has a direct effect on the activity of CP. CD2 associated protein (CD2AP) and its homolog CIN85 both comprise a r t i c l e s three SH3 domains, the CP binding motif and a Cterminal coiledcoil domain [13] [14] [15] . The CD2AP CP binding motif, consisting of residues 474-513, is sufficient to bind CP with K d = 6 nM and has some uncapping activity. The CP binding motif is defined as LXHXTXXRPK(6X)P (ref. 13) .
Actinfilament capping by CP is also inhibited by the proteins CapZinteracting protein (CapZIP) and V1 (myotrophin). CapZIP is a 416residue protein of unknown structure that is subject to stressinduced phosphorylation. The phosphorylation leads to the dissociation of the CapZIP-CP com plex, suggesting a possible role in regulating actin remodeling 16 . V1, a protein involved in the differentiation of muscle, is an ankyrin repeat protein that binds to CP, inhibiting the interaction with actin. V1 has been pro posed to interact through two loops, which protrude from the ankyrinrepeat back bone, with a CP binding site that includes the βtentacle 17 . The CP interacting motif on CapZIP is currently unknown. The phospholipid phosphatidylinositol 4,5bisphosphate (PIP 2 ) has also been reported to inhibit CP 18, 19 . The PIP 2 binding site overlaps with the actin bind ing site and includes Lys256 and Arg260 from the αsubunit and Arg225 from the βsubunit. Conflicting data exist as to whether PIP 2 can remove CP from an actin filament 18, 19 .
Here we have investigated the poorly understood mechanism of CPfilament uncapping by the CP binding motifs from CARMIL and CD2AP. Sequencealignment and truncation experiments led to the confirmation of a short CPI motif that retained some uncapping activity. We report the crystal structures of CARMIL and CD2AP CPI motifs (Homo sapiens) bound to chicken CP (Gallus gallus) and a longer fragment of CARMIL that also includes a second unique CPinteracting motif. Structural features and sequence comparisons allow expansion of the CPI motif-containing family from CARMIL, CD2AP, CIN85 and CKIP1 to also include CapZIP and the newly characterized protein FAM21 (here termed WASHCAP, WASH and capping protein-associated protein). In vitro assays confirm that pep tides comprising each CPI motif possess the predicted CP inhibition and uncapping activities. The structures suggest consideration of an allo steric mechanism of filament uncapping by the CPI motif as a potential alternative to direct competition for actinbinding residues on CP.
RESULTS

Functional definition of the CARMIL CPI motif
To verify a minimal binding and uncapping fragment of CARMIL, we constructed a series of CARMIL truncations and tested them in pyrene actin polymerization assays. In this assay, we inferred an increase in bulk solution polymeric actin from an increase in pyrene fluorescence 20 . First, in capping inhibition assays, we simultaneously added CARMIL trunca tions ( Fig. 1) and CP to growing actin filaments that were nucleated from spectrinactin seeds, which have free barbed ends and capped pointed ends. CP binding region 71 (CBR71) was slightly less effective than CBR115 in preventing CP from capping the barbed end of the filaments ( Fig. 2a and  Supplementary Fig. 1a ). CBR49 showed a markedly reduced, yet measur able, anticapping activity. We observed a similarly reduced level of activity for CBR37, a peptide derived from sequencealignment analysis and later shown to comprise the CP binding region determined by crystallography (see below) flanked by two extra residues at each terminus.
Second, in uncapping assays, we added CARMIL truncations to actin filaments that were capped at both ends, at the pointed end by spectrin seeds and at the barbed end by CP, in the presence of excess free actin subunits. The CARMIL truncations all showed concentrationdependent increases in pyrene fluorescence, in line with CPuncapping activity (Fig. 2b and Supplementary Fig. 1b) . The active concentrations for the CARMIL truncations in this uncap ping assay were similar to those in the CPbinding assay ( Fig. 2a and Supplementary Fig. 1a) , suggesting that the properties of sequestra tion and uncapping are manifested in the same interaction between CARMIL and CP. We further substantiated the validity of the assay by showing that CBR37 is able to uncap CPbound actin filaments in the absence of spectrin seeds. In this experiment, we included profilin in order to prevent the excessive formation of CPstabilized actin nuclei (Supplementary Fig. 1c) . We also removed a CP truncation that lacked the βtentacle (CP∆βTent) and had reduced capping activ ity from the filaments by CBR37 (Supplementary Fig. 1d) . Hence, the minimal peptide CBR37 shows both CP sequestration and uncapping activities and is referred to henceforth as the CP interaction (CPI) motif. The CAH3 domain from CARMIL includes peptide sequences that flank the CPI motif, leading to stronger uncapping activity 10 . However, an even larger region leads to the most potent uncapping observed in this study (CBR115). There is no clear homology between CARMIL, CD2AP and CKIP1 outside the CPI motif; hence, the CPI motif is a more general CP interaction region that exists within CAH3 domain, which includes a more extensive CP binding region.
To assess the affinity of the CPI motif in binding CP, we labeled the CBR37 peptide (which contains a Cterminal cysteine residue) with the fluorescent probe Alexa Fluor 488 C 5 maleimide. We titrated Alexa488 CBR37 with CP and observed a concentrationdependent increase in fluorescence anisotropy consistent with slowed molecular tumbling upon association with CP (Fig. 2c) . Curvefitting analysis suggests a K d of 0.16 µM for this interaction, with 95% confidence interval for the range 85-244 nM. CP∆βTent and CP showed indistinguishable association kinetics with respect to Alexa488CBR37, as did wildtype CP in the presence of Gactin (1:1 ratio) in lowsalt buffer (Supplementary Fig. 2a,b) . Hence, the CPI motif interacts with CP at a site that does not include the βtentacle. This differentiates CP binding of the CPI motif from the CP interaction proposed for V1 (ref. a r t i c l e s 95% confidence interval for 10-186 nM) or by Factin but not by Gactin as monitored by a decrease in anisotropy (Fig. 2d,e) .
We observed the effect of CP and the CPI motif on single actin fila ments using total internal reflection fluorescence (TIRF) microscopy. We polymerized BODIPY tetramethylrhodamine C 5 maleimide-labeled actin (red actin) in the presence of excess profilin and then capped it with CP. We simultaneously added CBR115, CBR37 or the CD2AP CPI motif with BODIPY FL C 1 iodoacetamide-labeled Gactin (green actin) under polymerizing conditions while maintaining constant pro filin and CP concentrations. Maintenance of profilin levels prevented the formation of CPstabilized actin nuclei, and preserving a constant CP concentration was necessary to ensure competent filament capping during solution exchange due to its fast off rate. In these experiments, we observed red filaments acting as nuclei for green fila ments in the presence of CBR115, CBR37 or CD2AP CPI motif or in the absence of CP ( The CPcapped actin filaments do not elongate in the absence of CARMIL or CD2AP truncations. Red actin (2 µM) was polymerized and capped with CP (chicken α1/β1, 50 nM), stabilized with phalloidin and diluted to 50 nM. CARMIL or CD2AP truncations were added to CP-capped red actin filaments concurrently with green actin (0.2 µM) and CP (50 nM). Profilin was maintained throughout at a 1.5 molar ratio over actin. Time stamps (min:sec) for frames are given; "-" refers to before addition.
a r t i c l e s retains the uncapping and sequestration activities of CBR115 (K d ~ 1.5 nM) 8 . Singlemolecule TIRF microscopy experiments suggest that CPI motifs will form ternary complexes with CP at the barbed end of filaments 10 . This behavior is consistent with the efficiency of uncapping by CBR37 (Fig. 2b) relative to the CBR37-CP dissociation constant (K d ~ 0.1-0.2 µM). Hence, CPI motifs may have a role in protein localiza tion, in targeting either CP or the CPI motif-containing protein to specific cellular regions, as well as modulating the affinity of CP for actin filaments.
Structures of the CARMIL and CD2AP CPI complexes with CP
To understand the nature of the uncapping interaction, we deter mined the crystal structure of the CP∆βTent-CARMIL CPI motif complex ( Fig. 4a-d) . The CPI motif wraps around the stalk at the underside of the cap of the mushroomshaped CP. The CPI motif is in an extended conformation, which half encircles the αhelices of the CP stalk. The Nterminal onethird of the CPI motif contacts the αsubunit of CP and the Cterminal twothirds contact the βsubunit.
The binding position for the CPI motif is distant to the actin binding interface (viewer's perspective in Fig. 4 ) and to the PIP 2 binding interface 18 . The structure of CP∆βTent in this complex is essentially identical, with the exception of the lack of the βtentacle, to that when CP was crystallized alone 5 . A second structure of the CD2AP CPI motif bound to CP∆βTent showed the common interaction of the CPI motifs with CP (Fig. 5a) . The Cterminal portion, which includes the LXHXTXXRPK(6X)P motif, shares an interaction mode with CARMIL in binding the CP βsubunit 13 ; however, the Nterminal region takes a divergent path across the CP αsubunit.
Unique interactions of CARMIL with CP
In order to understand the interactions that distinguish CBR115 from CBR37, the CBR115-CP structure was elucidated (Fig. 5b) . This structure reveals two ordered CARMIL regions that lie within the CAH3 965-1038 (ref. 10), which roughly correspond to the CBR71 964-1034 region studied here that has similar activity to CBR115 (Fig. 2a,b and Supplementary Fig. 1a,b) . The first ordered CARMIL region is the CPI motif, Ile971-Cys1004, which is essentially identical to that observed in the CP∆βTent-CARMIL CPI motif com plex (Fig. 5a) . The second ordered CARMIL region, Arg1021-Thr1035, binds to the under side of the CP mushroom cap on the opposite side of the CP mushroom stalk to which the CPI motif binds. This region appears not to be present in other CPImotif proteins from sequence analyses and is termed here the CARMILspecific interaction (CSI) motif. Together, these two regions resemble a finger (CPI) and thumb (CSI) encircling the stalk on the underside of the mushroom cap. The CSI motif has two prominent phenylalanine residues (Phe1029 and Phe1030) that are buried at the mushroom cap-stalk junction. We observed no interpretable electron den sity for the βtentacle. R102  R37  S  R37  F33  N30  E31  P165  R15  S X  D7  F168  S  L10  Q196  S42  D3  Q196  D44  E155  E37  Y79  X  D63  D67  D67  E37  L40  D69  R66  I29  E22 (e) Sequence homology of the CARMIL CPI across species displayed as a sequence logo (http://weblogo.berkeley.edu/) with colors red, blue, yellow and green signifying acidic, basic, hydrophobic and hydrophilic residues, respectively. The major CPI residues, α-subunit (red) and β-subunit (blue), are displayed above the logo. S denotes a residue that plays a structural role; X signifies a noninteracting, nonstructural residue in this complex. A more detailed analysis of the CP∆βTent-CARMIL CPI complex is given in Supplementary Figure 3 . 
Sequence contributions to the interactions
The extended nature of the CARMIL CPI and CSI motifs leads to mul tiple interactions with CP (Figs. 4a and 5 and Supplementary Fig. 3 ).
In these conformations, the CPI and CSI motifs have no domain struc ture. Hence, sequence conservation across species in the CPI (Fig. 4e) and CSI motifs generally correlate with critical CPinteracting residues. To determine the contribution of charged residues within to the uncapping process, alanine mutations of structurally important interacting residues within the CPI-CP complex were shown to have complementary lower ing of activity in the pyreneactin polymerization assay ( Supplementary  Fig. 4a-d) . The widespread distribution of the interacting residues throughout the CPI motif suggests that these residues play a role in the association between the CPI motif and CP rather than providing indi vidual elements to the uncapping process.
The CPI motif family of proteins
The structural and functional definition of the CPI motif prompted reinvestigation of sequence databases to determine the extent of the CPI motif-containing family. The known family members (CARMIL, CD2AP, CIN85 and CKIP1) show homology within the CPI motif to CapZIP and a recently characterized protein, FAM21 (NCBI NP_001005751) (Figs. 1b and 6a) . We observed no obvious homo logy between the CP binding regions of CARMIL and either V1 or the actin monomer-and CPbinding protein twinfilin. We subjected pep tides comprising the CPI motifs from each protein to the pyreneactin uncapping and inhibition assays. All six peptides showed uncapping and inhibitory activities, functionally verifying the extended CPI motif family ( Fig. 6b and Supplementary Fig. 4e ). Sequence alignment reveals that FAM21 and CapZIP have highest residue identity with CD2AP ( Fig. 6a) , whereas CKIP1 is more similar to CARMIL in the Nterminal onethird of the CPI motif. Notably, fulllength CapZIP showed a similar level of uncapping activity toward CP as measured for the isolated CapZIP CPI motif ( Supplementary Fig. 1e and Fig. 6b ). This starkly contrasts to the CPI motif from CARMIL, which shows a markedly reduced uncapping activity in comparison to that of CBR115, which has a second CP binding region in the CSI motif (Figs. 2b and 5b) . Considering this variation in uncapping activities, the balance between CP capping and uncapping as the predominant mode of action may differ among the CPImotif proteins.
Direct competition model of CP uncapping
To determine the mechanism by which the CPI motif removes CP from an actin filament, we constructed a series of models. The cryo-electron micro scopy structure of the CPcapped actin filament (Fig. 7a) provided the tem plate for superimposing the CPI motif onto the capped filament 6 (Fig. 7a,b) . There is no direct steric clash between the CPI motif and the terminal actin protomer in the model (Fig. 7a,b) . However, at the resolution of the electron microscopy structure (23 Å), errors in the CP placement or nonmodeled conformational changes in either CP or the terminal actin require that this mechanism be considered. The side chains of Lys980, Glu983 and Phe985 from the CARMIL CPI motif approach the side chains of Ile287 (7.5 Å), Arg290 (9 Å) and Met283 (8 Å) from actin, respectively. That these residues are not well conserved either within the CARMIL family (Fig. 4e) or, more generally, in the CPI motif (Fig. 6a) argues that direct competition for close or overlapping binding sites may not be the mechanism of uncapping, 0.1-1 nM) . The longer, more potent CP binding fragment of CARMIL CAH3 (ref. 10) includes the CSI motif that is also distant from the actinbinding surface (Fig. 7b) . The disordered residues between the CPI and CSI motifs may be sufficient in length to reach toward the actin binding site on the topside of the CP mushroom cap. However, this region shows lower sequence identity across species relative to the CPI and CSI motifs. In particular, chicken CARMIL contains a tworesidue deletion. CBR49, which includes eight residues from the disordered region, shows little change in uncapping activ ity with respect to CBR37 (Fig. 2 and Supplementary Fig. 1b) . Thus, the disordered region may not be involved in direct competition.
-tentacle sequestration model of CP uncapping
The current model of CP binding to an actin filament involves the movement of the βtentacle to contact the terminal actin protomer between subdomains 1 and 3 (ref. 6) (cyan versus orange in Fig. 7a) . The CARMIL CPI motif binds the αsubunit of CP in close proximity to the βtentacle (compare Fig. 7a, cyan, to Fig. 7b, yellow) . Hence, a second possible mechanism for CPI motif-induced uncapping may be through the creation of a βtentacle binding site at the interface of the αsubunit of CP and the CARMIL CPI motif to compete with the actin-βtentacle interaction (Fig. 7c) . To test this possibility, we assayed either the βtentacle alone or the βtentacle as a glutathioneStransferase (GST) fusion protein by gel filtration, pulldown and fluorescence anisotropy studies for interaction with CP∆βTent in the presence of CBR37 or CBR115. We observed no interaction between the βtentacle and the CP∆βTent complexes for either the β1subunit and β2subunit isoforms of CP, which differ by four residues in the tentacle region ( Supplementary Figs. 5 and 6) . Moreover, CBR37 showed uncapping activity for CP∆βTent (Supplementary Fig. 1d) , and βtentacle was not ordered in the CBR115-CP complex structure, effectively ruling out competition for the βtentacle as a sole mechanism for uncapping.
Allosteric model of CP uncapping
A final possibility for an uncapping mechanism is that the CPI motif locks CP in a less favorable conformation for interaction with a filament. This mechanism requires that CP undergo a conformational change in binding to the actin filament (Fig. 7d) . In support of this mechanism, the two molecules in the asymmetric unit of the original CP structure 5 shows variation in the curvature of the common βsheets. When the alternate conformation was included in the capped filament model (Fig. 7e) , we observed discernable differences at the actin interface. Hence, we propose that the CPI motif may function as a clasp around the stem of mushroomshaped CP, restricting the conformation of the filamentbinding cap and preventing flexing of the common βsheet. Thus, upon binding CP at the barbed end of a capped filament, the CPI motif may restrict the CP conformation, stabilizing it in the structure determined here, which is less compatible with filament interaction, leading to the allosteric uncapping of the filament. The uncapping activity of CBR37 is approximately three orders of magnitude lower than that of CBR115 (Fig. 2b) . The superior binding of CBR115 (1.5 nM (ref. 8)) to CP through the CSI motif relative to that of CBR37 (0.1-0.2 µM) accounts, at least in part, for the increased uncapping activity. This suggests that the allos teric mechanism should also be considered for CAH3 uncapping activity as a possible alternative to direct competition. Highresolution structures of the actin-CP complex are required to categorically distinguish between the direct competition and allosteric mechanisms of CPI motif-induced uncapping.
DISCUSSION
The CPI motif family of proteins Here we have structurally and functionally characterized the CPI motifs from CARMIL and CD2AP, and we have shown that CIN85 and CKIP1 contain bona fide uncapping motifs in addition to those reported for CARMIL and CD2AP. The CPI motif family has been extended to include the known CP binding partner CapZIP and the largely uncharacterized protein FAM21 (Fig. 1) . The architectures of this family of proteins place the CPI motif in a wide range of multiple domain settings. Members of this family of proteins are known to inte grate signaling pathways to control actin dynamics through interactions with CP and other actin regulators. CKIP1 links the protein kinase CK2, which is involved in regulating cell polarity, morphology and dif ferentiation, to actin remodeling 11, 12 . The homologous proteins CD2AP and CIN85 are known to be associated with endocytic components, CP and cortactin 21 . CIN85 also binds WIP, WIRE, NWASP and CARMIL, whereas CD2AP is indirectly linked to NWASP through PSTPIP1 (refs. 21-23) . Thus, CD2AP and CIN85 tie endocytosis and cadherin based junctions to actin remodeling and tissue patterning 24 . Duboraya, a zebrafish homolog of CapZIP, has been shown to be needed for actin organization and cilia formation in Kupffer's vesicle for proper left right patterning 16, 25 . CARMIL integrates actinfilament uncapping, monomer binding, Arp2/3-mediated filament nucleation and myosin binding within its own architecture for use at the leading edge and in pinocytosis 7 . These data suggest that the CPI motif is likely to be a gen eral actinfilament regulator that is incorporated into diverse proteins in order to harness actin polymerization for a wide variety of cellu lar processes. The precise role of any CPI motif will be dependent on the larger protein architecture. Indeed, flanking sequences around the CARMIL CPI motif that include the CSI motif, which does not appear to be conserved in the other CPI motif members, greatly increased the uncapping potency (Figs. 2a and 5b) , whereas CapZIP appeared to solely rely on the CPI motif ( Fig. 6b and Supplementary Fig. 1e ). This situation is analogous to that of the unstructured Tβ4/WH2 motif, which contributes to Gactin sequestering and actinfilament nucleat ing machineries in different protein settings [26] [27] [28] .
FAM21, a protein with four isoforms, has recently been character ized at the cellular level. In two reports, FAM21 (ref. 29) (also referred to as KIAA0592 (ref. 30) ) has been found to be a component of the WASH (WiskottAldrich syndrome protein and SCAR homolog) complex that activates Arp2/3 nucleation of actin filaments. FAM21 WASH was shown to locate to endosomes, where it controls fission and retrograde trafficking through Arp2/3-controlled actin polymeri zation and microtubule interactions 29, 30 . The larger WASH complex contains WASH, FAM21, CP, tubulins, coiledcoil domain containing 53 proteins, strumpellin (KIAA0196 (ref. 31)), uncharacterized pro tein KIAA1033 and hsp70s. Here we have shown a direct interaction between CP and FAM21, which is likely to be reproduced in the WASH complex. The WASH complex showed reduced filament capping with respect to CP, which is in line with the properties of the FAM21 CPI motif. Hence, we propose that FAM21 be renamed WASHCAP (WASH and capping protein-associated protein) to reflect its known interacting partners (Fig. 1b) . Components of the WASH complex have also been implicated in pathogen entry into cells. WASHCAP was identified as the virus penetrating factor that is critical for fluidphase vaccinia virus cellular uptake through endocytosis 32 . Similarly, WASH has been implicated in Salmonella typhimurium invasion 33 .
WASHCAP has been observed to be highly phosphorylated by MSbased proteomics and to be present both in the cytoplasm and in the nucleus (http://www.phosida.com/). The acidic nature (pI 4.8) of this polyLF(D/E) n LF-containing protein (Fig. 1b) is enhanced through phosphorylation. Several of the phosphorylation sites show consensus sequences for CK1 or CK2, and approximately half are sensitive to epi dermal growth factor stimulation. The polyLF(D/E) 4-6 LF motifs are fol lowed by basic regions. Reoccurring sequences are suggestive of repetitive a r t i c l e s structure and/or multiple binding motifs. The acidic stretches in WASHCAP are reminiscent of Arp2/3-binding 'A' motifs and potentially may help locate Arp2/3 to the WASH complex. Similarly, WASHCAP basic regions may be useful in targeting the WASH complex to mem branes. Yeast twohybrid screens have identified two transcriptional repressors, ataxin 1 and TRIM27, as potential binding partners (http:// www.hinvitational.jp/). Hence, WASHCAP may be a phosphorylation dependent actin regulator with a transcriptional feedback role.
Implications for the biological role of the CPI motif
The data presented here indicate that the CPI motif may be important in recruiting CP or CPI motif-containing proteins and in changing the dynamics of capped filaments. Superimposition of the Xray structures onto the electron microscopy model of a CPcapped actin filament 6 sug gests that the CPI and CSI motifs may regulate the affinity of CP for actin filaments through an allosteric mechanism (Fig. 7) . In cells, CP dissoci ates from the actinfilament network relatively quickly 34 compared to the dissociation rate seen with pure proteins in vitro 35 , which suggests that uncapping may occur in cells. Four of the six CPI motif-containing proteins (CARMIL, CD2AP, CIN85 and WASHCAP) are used in endocytotic proc esses and link CP to Arp2/3 through diverse architectures or complexes. The functional linkage of Arp2/3 to CP has been shown to increase actinbased force generation through enhancing filament nucleation 36 . Physical associa tion of CP and Arp2/3 raises a possible scenario whereby Arp2/3 complexes may be targeted, through the CPI motif, to the ends of CPcapped actin filaments. Such interactions have the potential to uncap the barbed end of a mother filament and simultaneously nucleate a daughter filament. 
METHODS
Methods
ONLINE METHODS
Plasmids, proteins and peptides. We expressed chicken fulllength CP (α1/β1) and CP∆βTent (α1/β1 lacking the final 34 residues) in BL21(DE3) E. coli using pET3dβI′/βII, kindly provided by T. Obinata (Chiba University) and purified them as described previously 37 with the following modifications. We replaced the cationion exchange chromatography step with sizeexclusion chromatography using a Superdex 200 HiLoad 16/60 column (GE Healthcare). We supplemented all the buffers except the gelfiltration buffer with 0.2 mM PMSF, 0.5 mM benzamidine and 20 units per ml aprotinin. We treated protein samples with 4 mM Pefabloc SC accompanied by the protector solution (Roche) before injection onto the gelfiltration column.
We amplified the CBR115 fragment of human CARMIL1a (GenBank FJ009082) residues Glu964-Ser1078 from cDNA by PCR and cloned it into the pGEX6P3 vector (GE Healthcare). We expressed the GST fusion protein in BL21(DE3) E. coli and purified it with glutathione fastflow Sepharose resin (GE Healthcare). We grew and induced cultures with IPTG at 23 °C. After elution from the glutathione resin, we mixed GSTCBR115 with PreScission protease (GE Healthcare) and dialyzed the mixture into SSepharose buffer (10 mM TrisHCl, pH 8.0, 10 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 1 mM NaN 3 ) overnight (16 h). To purify CBR115 from GST, we applied the mixture to an SSepharose column and eluted it with a 10 to 700mM KCl gradient. For storage, we dialyzed CBR115 into 10 mM TrisHCl, pH 8.0, 40 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 1 mM NaN 3 and kept it on ice. We made Histagged CBR115 residues Glu964-Ser1078 by cloning the region of interest into the pRSFDuet1 vector (Novagen) and purified it using the Talon metal affinity resin (Clontech). We determined con centrations of CBR115 fragments based on the far UV absorbance at A 280 or A 215 and A 225 .
We purified actin from rabbit skeletal muscle 38 . We cloned human profilin 1 into the pSY5 vector, a modified version of pET21d(+), and expressed it with an 8×His tag 39 . We purified the protein with a HisTrap column followed by gel filtra tion with a Superdex 75 HiLoad 16/60 column (GE Healthcare). We purchased CBR52, the reported fragment of the CARMIL domain that inhibits CP and uncaps actin filaments (Leu961-Asp1012) 9 , CBR37 (Ser968-Cys1004), defined from the structural analysis of the CP∆βTent-CPI motif complex, CPI peptides (Fig. 6a) from CD2AP, CIN85 and CKIP1 (Auspep Pty. Ltd) and WASHCAP and CapZIP CPI peptides (Neo peptide) at >95% purity.
Actin polymerization assays. We prepared spectrinactin seeds (spectrinband 4.1actin complex) as described 40 with minor modifications. We collected 100 ml of fresh whole blood in acid citrate/dextrose. We extracted the red blood cell ghost pellet with 3-5 ml (per 10 ml of original cells) of extraction buffer (0.3 mM Na 2 HPO 4 ) at 37 °C for 10 min. We centrifuged the extract for 1 h at 125,000g, made the supernatant in 2 mM DTT and added an equal volume of ethylene glycol for storage at −20 °C.
We performed pyreneactin polymerization assays as described 2, 8 with minor modifications. For a total volume of 200 µl, we Mg 2+ exchanged actin subunits (5% pyrene labeled) at 1.5 µM in Gbuffer (2 mM TrisHCl, pH 7.2, 0.2 mM ATP, 0.5 mM DTT, 1 mM NaN 3 and 0.2 mM CaCl 2 ). Then, we added 10 µl of 20× KME buffer (200 mM TrisHCl, pH 7.5, 1 M KCl, 20 mM MgCl 2 , 20 mM EGTA) and 20 µl of spectrinactin seeds. For capping assays, we added 10 nM CP to the mixture at time zero. We varied the concentration of CBR fragments and CPI peptides, which were also added at time zero. For the uncapping assays followed by pyreneactin polymerization, we polymerized actin from seeds in the presence of 10 nM CP for 200 s, added the CBR fragments of CARMIL and CPI peptides and then polymerized them for 300 s.
Peptide labeling and fluorescence anisotropy measurements. We labeled the Cterminal free sulfhydryl group of CBR37 with the thiolspecific fluorescence probe Alexa Fluor 488 C 5 maleimide (Molecular Probes). We removed the excess of the probe with a PD10 desalting column (GE Healthcare). We estimated the efficiency of labeling to be 50% based on an SDSPAGE gel. We determined the concentration of the conjugated protein from absorption spectra assuming that the extinction coefficient of the probe at the lowest energy maximum (72,000 M -1 cm -1 at wavelength 493 nm) is not affected by conjugation 41 . We dispensed and equilibrated (30 min) the reaction mixture, which consisted of 250 nM fluorescent conjugate and increasing concentrations of protein or protein complex, in a 96well, black flatbottomed plate (Nunc). We measured fluorescence anisotropy at wavelength 518 nm after correcting for instrument polarization bias (Gfactor) using a Safire 2 fluorimeter (Tecan). We fit bind ing curves of anisotropy versus protein or protein complex concentrations to a singlesite binding model 42 , and we fit competition curves as described 43 
